Caprine p-mannosidosis is an autosomal recessive defect of glycoprotein catabolism with a deficiency of tissue and plasma p-mannosidase activity and tissue accumulation of oligosaccharides within lysosomes. This rapidly fatal genetic disorder of Nubian goats is expressed at birth by a variety of clinical signs including deafness. Affected goats had folded pinnas, and the tympanic cavity was decreased due to multiple, polypoid projections of bone covered by middle ear mucosa which obstructed the view of the cochlear promontory. Numerous cells of the cochlear duct including mesothelial and epithelial cells of Reissner's membrane, mesothelial cells lining the scala tympani, cells of the stria vascularis, numerous supportive cells of the organ of Corti, cochlear hair cells, endothelial cells, perithelial cells, fibroblasts, macrophages, and neurons of the spiral ganglion contained numerous nonstaining intracytoplasmic vacuoles which resulted in distention of affected cells and caused thickening of involved structures. Ultrastructurally, the vacuoles were membranebound and consistent with lysosomes. Vacuolated cells were desquamated into the scala vestibuli and scala tympani. This is one of few reports describing light and electron microscopic otic alterations of a storage disease. Goats with p-mannosidosis appear to be good models of hearing loss in patients with storage disease.
Caprine P-mannosidosis is an autosomal recessive defect of glycoprotein catabolism with a deficiency of tissue and plasma P-mannosidase activity'O and tissue accumulation of oligosaccharides within lysosomes.11J8 This rapidly fatal genetic disorder ofNubian goats is expressed at birth by an inability to rise from a recumbent position, intention tremor, eye movements resembling pendular nystagmus, bilateral Horner's syndrome, carpal contractures, pastern joint hyperextension, thickened skin, and, to a varying degree, a dome-shaped skull. l 3 Pathologic changes in affected goats include cytoplasmic vacuolation in many cell types in the nervous system and viscera, axonal spheroids, and myelin p a~c i t y . * ,~J~~~ Clinical deafness of affected goats has been confirmed by auditory-evoked brainstem potential testing, and results indicate sensorineural d e a f n e s~.~,~J~ Light microscopic otic alterations have been described on a limited basis in two affected g o a t~,~,~J~ but the consistency of the lesions has not been determined. The objective of this study was to define otic lesions in additional goats with p-mannosidosis in order to assess the consistency of the lesions and determine the ultrastructural characteristics, and, by focusing on lesions that could cause sensorineural deafness, to define the pathogenesis of the deafness.
Materials and Methods
This study involved six affected goats (V122, 2 days old; V208, 3 days old; V116,4 days old V95, 5 days old V209, 17 days old; V204, 22 days old) and two unaffected goats (V73,2 days old; Z26,31 days old) born since January 1983.
Both external ears (including pinna, external auditory meatus, and tympanic membrane) were examined grossly from all goats. The middle ears were examined from three affected goats (V95, V116, V122) and one unaffectedgoat (V73). Both temporal bones were collected from four affected goats (V9 5, V204, V208, V209) and one unaffected goat (Z26), and the cochleas were isolated from these goats for microscopic examination. Cochleas for microscopic examination were perfbsed with glutaraldehyde by a perilymphatic route after the goat had been killed, except for one affected goat (V95) and one unaffected goat (V73). These goats were deeply anesthetized, and a whole body perfusion with a glutaraldehyde/ paraformaldehyde solution was done; the tympanic cavity was exposed, and the tympanic membranes and temporal bones were submerged in formalin (other goats were killed without having whole body perfusion done, because tissues were collected for chemical analysis). At necropsy the tympanic cavities were exposed ventrally, and the oval and round windows were punctured; glutaraldehyde was pipetted through the perilymphatic space via these opened windows. The temporal bones with attached tympanic membranes were subsequently submerged in glutaraldehyde for approximately 3 hours and then placed in physiologic phosphate buffer (0.1 M). The cochleas were osmicated using 1% osmium tetroxide in 0.1 M buffer. The osmium was pipetted into the perilymphatic space where it remained for approximately 4 hours. The osmium was rinsed from the tissue with 0.1 M buffer, and samples were then stored in a refrigerator in 0.1 M phosphate buffer. The temporal bones were trimmed to isolate the cochlea. The margins of the tympanic membranes, the wall of the tympanic bullae (for V122, V116, V73), and the cochleas were slowly decalcified using 2% EDTA in H,O. This solution was changed daily. When the decalcification process was complete, the tissues were trimmed and embedded in glycol methacrylate for light microscopy of 1 -pm-thick 437 sections. The cochleas were trimmed to obtain midmodiolar sections. One-half was embedded in Epon-Araldite for transmission electron microscopy, and the other half was embedded in glycol methacrylate for light microscopy. Onemicron-thick sections were cut and stained with toluidine blue. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope. Tympanic bullae of the middle ear were examined grossly and microscopically. Externally, the tympanic bullae from affected goats were unremarkable, but the tympanic cavities were decreased by numerous polypoid protrusions extending from the wall of the middle ear obstructing the view of the cochlear promontory ( Figs. 3, 4) . The mucosa of the middle ear appeared thickened and, microscopically, fibroblasts of the lamina propria of the tympanic mucosa contained vacuolated cytoplasm. The round windows of affected goats appeared smaller than those in the unaffected goat.
Results

Alterations
In regard to the inner ear, only structures of the auditory system were examined. Alterations in the cochlea were similar in all affected animals and were bilaterally similar for each goat. Alterations were most severe in the apical turns of the cochlea. Reissner's membrane was thickened due to swelling and cytoplasmic vacuolation of epithelial cells and mesothelial cells ( Fig. 5 ). Ultrastructurally, these cells contained numerous membrane-bound, electron-lucent cytoplasmic vacuoles which caused swelling of the cells (Fig.  6 ). There was desquamation of cells into the perilymphatic space of the scala vestibuli and the scala tympani. These cells had larger vacuoles than the epithelial or mesothelial cells.
Cells of the stria vascularis, endothelial cells, perithelial cells, and osteocytes of the temporal bone contained fine cytoplasmic vacuoles (Fig. 7) . Cytoplasmic vacuoles were present within the cochlear neurons of the spiral ganglion (Fig. 8) , uoles which were membrane-bound, electron-lucent intracytoplasmic vacuoles consistent with distended lysosomes. Vacuolated cells were swollen, thus making definitive identification of hair cells impossible at the light microscopic level (Fig. 1 1) . Ultrastructurally, inner and outer hair cells ( Fig. 12 ) and mesothelial cells lining scala tympani also contained vacuoles (Fig. 13 ).
Other organelles were unremarkable. Some tectorial membranes were distorted, but others were unremarkable. occur. One child with a-mannosidosis was reported to have prominent ears.' Thickening of the tympanic membrane, as seen in this study, has been reported in a human patient with mucopolysaccharidosis.7
Discussion
Results of this study have revealed new otic lesions of P-mannosidosis, and, for the first time, determined
A consistent finding within the middle ear was polypoid projections of the wall of the middle ear into the tympanic cavity. Microscopically, the projections, composed of bone covered by mucosa, have previously been described as hypertrophy of the middle ear mu-C O S~.~,~J~ Morphological changes within the wall of the middle ear have been reported in other storage diseases. For example, thickened middle ear mucosa with polypoid projections has been reported in mucopoly-~a c c h a r i d o~i~,~~~~ and overgrowth of the middle ear wall has been reported in dysostosis multiplex.24 Connective tissue alterations in p-mannosido~is~~~J~ include fibrosis and histiocytic accumulation. A similar type of connective tissue proliferation and histiocytic accumulation has been reported in the gingiva of a boy with a-mannosidosis,12 suggesting that the pathogenesis of this connective tissue lesion may be similar for several storage diseases.
With respect to the inner ear, alterations included fibrosis, infiltration of histiocytic cells, and cytoplasmic vacuolation of a variety of cells. Bilateral fibrosis of the wall of the scala tympani in the middle and basal turns, previously seen in an affected goat, was also seen in this study.
Variation in size of cytoplasmic vacuoles among cell types, a consistent feature of p-mannosidosis, may aid in the identification of cell types. For example, fibroblasts have fine cytoplasmic vacuoles, and macrophages have coarse cytoplasmic vac~oles.~ The desquamating cells, often located in perivascular locations, caused thickening of Reissner's and basilar membranes of affected goats. Their coarse vacuoles indicated that they were most likely macrophages like those previously reported in other inner ear structures. 2 Contrary to a previous report,2 results from this study indicated that the structures of the inner ear are differentiated and distorted only because of cellular swelling. Previously reported unilateral collapse of Reissner's membrane, absence of the tectorial membrane, and the presence of only remnants of the organ of Corti in an affected goat2 may have been artifactual or autolytic changes. Adequate fixation of the inner ear structures requires perilymphatic perfusion ideally combined with systemic perfusion with a fixative at the time of death of the animal. Cytoplasmic vacuolation may be unobserved unless 2-pm semithin tissue sections are examined. These techniques will be used in future studies to characterize lesions within the structures of the vestibular system.
Deafness is a feature of ~a p r i n e~.~J~ and h~m a n~,~~ p-mannosidosis and has been reported in other storage diseases including a-mannosidosis. 22 Many human patients with storage diseases are mentally retarded, which impairs accurate testing for hearing, but it has been shown by audiometry that the hearing loss may be conductive or combined conductive and sensorineu-~a l .~ In patients with mucopolysaccharidoses, the hearing loss is often conductive and results from chronic serous otitis media.7,20 Incomplete pneumatization of the temporal bone may be a contributory factor in this di~ease.~ Although there are alterations in the middle ears, the deafness in caprine 0-mannosidosis is sen-~orineural.*~~J~ In this study, neuronal swelling and vacuolation was seen in the spiral ganglion. Spiral ganglion neurons with granular perikarya have been seen in human patients with Tay-Sachs disease or GM, gangliosidosis type 2.4 Studies utilizing intracellular recording and horseradish peroxidase staining of ganglioside-laden cortical neurons of a cat with GM, gangliosidosis have disclosed that the presence of accumulated lipid cytoplasmic bodies, sufficient to increase the size and distort the shape of the cell body, does not appreciably alter basic electrophysiological properties.21 In addition, chronic administration of chlorphenterine sufficient to indme an accumulation of phospholipids in lysosomes within spiral ganglion neurons, cells of the stria vascularis, and hair cells, and produce hearing loss did not prevent compound action potentials when t e~t e d .~ Thus, the vacuolation of the spiral ganglion neurons and possibly other cells, such as hair cells, is not the likely cause of the sensorineural deafness in caprine p-mannosidosis.
Principal alterations of this storage disease include the presence of macrophages in Reissner's arid basilar membranes. Swelling of cells within these membranes and associated impairment of function of the membranes is one theory of the pathogenesis of sensorineural deafness. Normally, vibrations transmitted in the perilymph in the scala vestibuli are transmitted through Reissner's membrane to the endolymph of the scala media and thence through the basilar membrane to the scala tympani. 19 Vibrations of the basilar membrane cause a pull on the hair cells which transforms mechanical energy into electrical impulses. If there is thickening of the membranes, the production of electrical impulses may be impeded. Further physiological and morphological studies will be necessary to determine the pathologic change responsible for the deafness. Since goats with 0-mannosidosis do not have the problem of otitis media and other middle ear disturbances which result in conductive hearing loss, they may be good models of the sensorineural hearing loss that sometimes occurs in lysosomal storage diseases.
